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Abstract
We presenta simple toy model for colour reconnectionsat the non-
perturbative level. The model resemblesan annealing-typealgorithm
andis applicableto any collider andprocesstype,thoughwe arguefor
a possibleenhancementof the effect in hadron-hadroncollisions. We
presenta simpleapplicationandstudyof the consequencesfor semi-
leptonic

����
eventsat theTevatron.

1. Intr oduction

Amongthecentralobjectivesof collider physicsis theprecisemeasurementof theelementary
particlemassesandcouplings.Striking recentexamplesarethemeasurementsbothatLEPand
at theTevatronof themassof the � bosonto a precisionbetterthanonepermille [1,2] — a
precisiongiving truly valuableinsight into themechanismof electroweaksymmetrybreaking
aswell asin probingfor thequantumeffectsof New Physics.

At present,with thetop quarkin focusat theTevatronandthephysicsprogrammeof the
LHC only a few yearsdistant,the solid understandingof QCD phenomenabeyond leading-
orderperturbationtheoryis becomingincreasinglymoreimportant,with a largerangeof both
experimentalandtheoreticalmethodsandtoolsbeingdeveloped.Theaim,toachievetheoretical
andsystematicuncertaintiescapableof matchingtheexpectedstatisticalprecisionof thelarge
datasamplesbecomingavailable.

Apart from developmentsin flavour physicsandlatticeQCD, essentiallyall of theseap-
proachesfocusontheperturbativedomainof QCD— in brief: includingmorelegs/loops/loga-
rithms in the calculations.The point we wish to stresshereis that, even assumingtheseap-
proachesto one day deliver predictionswith negligible uncertaintiesassociatedwith uncal-
culatedperturbative orders,therestill remainsthenon-perturbative aspects,for which current
understandingcannotbecalledprimitive,but certainlynot crystalcleareither.

Recently, the structureand physicsof the underlying event has received someatten-
tion [3–6], but againthe main theoreticalthrust,with few exceptions[7, 8], hastaken place
in theperturbativemodeling,in theform of moresophisticatedmodelsfor multipleperturbative
interactions[9–11]. While non-perturbative aspectscertainlyplay a significantrole, andenter
into thedescriptionsin theform of variousphenomenologicalparameters,they generallysuffer
from beinghardto quantify, hardto calculate,andhardto test. In this study, we shall focuson
preciselysuchasourceof potentialuncertainty:colourreconnectioneffectsin thefinal state,in
particularin thecontext of measurementsmadeat hadroncolliders.

In Section2. we briefly discusssomepreviouscerebrationson colourreconnections,and
in Section3. presentour own toy model,for usein thepresentstudy. In Section4. we give a
few explicit examplesandshow someresultsfor

� ��
eventsat theTevatron.Section5. contains

asummaryandoutlook.
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Fig. 1: a) theoriginal colourtopologyin hadronic��
���������� events,andb) a reconnectedversion.Notethat

thesearenot Feynmandiagramsbut ratherspatialdiagramsdepictingthesituationaftertheannihilation,with the

productionpoint at theorigin. Arrowspointingagainstthedirectionof motionsignify antifermions.

2. Colour Reconnections

The subjectof colour rearrangementswasfirst studiedby Gustafson,Pettersson,andZerwas
(GPZ)[12], therein amainlyqualitativeway, andin thecontext of rearrangementstakingplace
alreadyat the perturbative level. They observed that, e.g. in hadronic��� � � 	 � �	 ��� � 	�� �	�� �
eventsatLEP, illustratedin Fig. 1awith colourconnectionstracedby dashedlines,interference
effectsandgluonexchangesbetweenthedecayproductscouldleadto a reconfigurationof the
colour topologyinto theonedepictedin Fig. 1b. In thereconnectedtopology, boththepertur-
bative QCD cascadeandthesubsequenthadronisationphasewould besubstantiallydifferent,
leadingto very largeeffects.

SjöstrandandKhoze(SK) [13,14] subsequentlyarguedthatsuchlargeeffectsweremost
likely unrealistic.A reconnectionalreadyattheperturbativelevel requiresat leasttwo perturba-
tivegluonvertices,leadingto an � �� suppression.Moreover, therelevantreconnectiondiagram
is colour suppressedby  �!#" �$ with respectto the leading(non-reconnected)%&�'� �� � diagrams.
Finally, for thedecayproductsof thetwo � bosonsto radiatecoherently, they must,in thelan-
guageof wavemechanics,bein phase,whichonly occursfor radiationat energiessmallerthan
the � width. In otherwords,gluonswith wavelengthssmallerthanthetypicalseparationof the
two � decayverticeswill beradiated(almost)incoherently. For thesereasons,SK considered
ascenariowherereconnectionsoccuraspartof thenon-perturbativehadronisationphase.

TheSK modelis basedon thestandardLund string fragmentationmodel[15], in which
thechromo-electricflux linesformedbetweencolourchargesseparatedat distanceslargerthan(  *),+ arerepresentedby simplemasslessstrings.SK arguedthat,if two suchstringsoverlapin
spaceandtime,thereshouldbeafinite possibilityfor themto ‘cut eachotherup’ andrearrange
themselves,muchashasbeenrecentlydiscussedfor the caseof cosmicandmesonicsuper-
strings[16,17]. However, sincewe do not yet know whetherQCD stringsbehave morelike
flux tubesin a Type II or a Type I superconductor(roughly speakingwhetherthe topological
information is storedin a small coreregion or not), SK presentedtwo distinct models,com-
monly referredto asSK-II andSK-I, respectively. As wouldbeexpected,bothmodelsresulted
in effectsmuchsmallerthanin theGPZmodel,leadingto apredictedtotaluncertaintyonthe �
massfrom this sourceof -/.1032547698;:=< . SK alsoperformeda studyof QCD interconnection
effectsin

�>��
production[18], but only in thecontext of :#?@:�A collisions.

Subsequently, a numberof alternativemodelshavealsobeenproposed,mostnotablythe
onesproposedby theLundgroup,basedonQCDdipoles[19–21],andonebasedonclustersby
Webber[22]. Apart from ��� physics,colourreconnectionshavealsobeenproposedto model
rapiditygaps[23–25] andquarkoniumproduction[26].

Returningto :#?B:�A , experimentalinvestigationsat LEP II have not foundconclusive ev-
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idenceof the effect [27,28], but werelimited to excludingonly the moredramaticscenarios,
suchasGPZandversionsof SK-I with therecouplingstrengthparametercloseto unity. Hence,
while colour reconnectioneffectscannotbe arbitrarily large, thereis room for further specu-
lation. In addition,aswe shall arguebelow, it may be possiblethat the effect is enhancedin
hadroncollisionsover :�?@:#A — with the addedcomplicationthat the environmentat hadron
collidersis necessarilymuchlessbenignto this sortof measurementthanwasthecaseatLEP.

3. Our Toy Model — Colour Annealing

In electron–positronannihilation,thetwo incomingstatescarryelectromagneticcharge— giv-
ing riseto adilutecloudof virtual photonssurroundingthem— but nostrongcharge.Fromthe
QCDpointof view, thevacuumstateis thusundisturbedin theinitial state,at leastup to effects
of order � � , i.e. :C� : 
EDGF � : 
 	 �	 . After theproductionof, say, a ��� pair, e.g.with both �
bosonsdecayinghadronically, :#?B:�AH� �I?J�KAH� � 	 � �	 ��� � 	�� �	�� � , further QCD radiationand
hadronisationthendevelops,in thebackgroundof this essentiallypurevacuumstate.As dis-
cussedabove, thefinal statecolour topologyduring theperturbative partof theQCD cascade,
at leastdown to energiesof orderthe � width, in all likelihoodis theonedepictedin Fig. 1a.
For gluonenergiessmallerthanthe � width, however, thequestionis still relatively open.

Goingto (inelastic,non-diffractive)hadron-hadroncollisions,theinitial statealreadycon-
tainsstrongcharges.Usingasimplebagmodelfor illustration,thevacuumatthecollisionpoint
andin thespace-timeareaimmediatelysurroundingit wouldnotbetheundisturbedoneabove,
but would rathercorrespondto the vacuuminside the hadronicbag. Thoughdetailedmodel-
ing is beyond thescopeof thepresentdiscussion,we notethat soft colourfields living inside
this bag,with wavelengthsof orderthehadronsize ( hadronisationlength,could impactin a
non-trivial way theformationof colourstringsat thetimeof hadronisation[23,24], effectsthat
wouldnothavebeenpresentin : ? : A collisions.

Wearenotawareof any detailedstudies,neitherexperimentalnor theoreticalat this time.
Severalof themodelsmentionedabove would still bemoreor lessdirectly applicable,but the
noisierenvironmentof hadroncollidersmakesit dauntingto attemptto look for any effect. In
this paper, we proposea simpletoy model,to give a first indicationof thepossiblesizeof the
effect, in particularfor

� ��
productionat theTevatron.

Sincewe do not expectthedifferencein backgroundvacuumto affect theshort-distance
physics,we take the argumentsof SK concerningthe absenceof colour reconnectionsat the
perturbative level to still be valid. Thoughone could still imaginereconnectionsbelow the
relevant resonancewidths, we shall not considerthis. That is, we let the entireperturbative
evolution remainunchanged,andimplementour modelat thehadronisationlevel only. Having
no explicit model for how the presenceof soft backgroundfields would affect the collapse
of the colour wave functionsat hadronisationtime, we consideran extremecase,wherethe
quarksandgluonscompletelyforget their colour ‘history’. Instead,whatdeterminesbetween
whichpartonshadronisingstringsform is aminimizationof thetotal potentialenergy storedin
strings.Specifically, weproposethatthepartons,regardlessof their formationhistory, will tend
to be colour connectedto the partonsclosestto themin momentumspace,henceminimizing
the string lengthandtherebythe averageparticlemultiplicity producedby the configuration,
asmeasuredby the so-called‘Lambdameasure’[7, 29], heregiven for masslesspartonsfor
simplicity: L M5NPOQ,R �TS �UV �W X (1)
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Fig. 2: Type I colour annealingin a schematic]*] � ]*] scattering.Black dots: beamremnants.Smallerdots:

gluonsemittedin theperturbativecascade.All objectsherearecolouroctets,henceeachdotmustbeconnectedto

two stringpieces.Upper:thefirst connectionmade.Lower: thefinal stringtopology.

where ^ runsover the numberof colour-anticolourpairs (dipoles)in the event, " , S U is the
invariantmassof the ^ ’ th dipole,and

V W is a constantnormalisationfactorof orderthehadro-
nisationscale.Theaveragemultiplicity producedby stringfragmentationis proportionalto the
logarithmof

L
. Technically, themodelimplementationstartsby erasingthecolourconnections

of all final statecolouredpartons,includingonesfrom � decaysetc. It thenbeginsaniterative
procedure(which unfortunatelycanbequitetime-consuming):

1. Loopoverall final statecolouredpartons.
2. For eachsuchpartonwith astill unconnectedcolouror anticolourcharge,

(a) Computethe

L
measurefor eachpossiblestringconnectionfrom thatpartonto other

final statepartonswhich haveacompatiblefreecolourcharge.
(b) Storetheconnectionwith thesmallest

L
measurefor latercomparison.

3. Compareall thepossible‘minimal stringpieces’found,onefor eachparton. Selectthe
largestof theseto becarriedout physically. Thatpartonis in somesensetheonethat is
currentlyfurthestaway from all otherpartons.

4. If any ‘danglingcolourcharges’areleft, repeatfrom 1.
5. At the endof the iteration,if the last partonis a gluon,andif all otherpartonsalready

form a completecoloursingletsystem,theremaininggluon is simply attachedbetween
thetwo partonswhereits presencewill increasethetotal

L
measuretheleast.

Thisprocedurewill find a localminimumof the

L
measure.Moreaggressivemodelscouldstill

beconstructed,mostnoticeablyby refiningthealgorithmto avoid beingtrappedin shallow local
minima.As asideremark,wenotethattheaboveprocedure,whichweshallreferto asTypeII
below, asit standswouldtendto resultin anumberof smallclosedgluonloops.Hence,wealso
considera variant(TypeI) whereclosedgluonloopsaresuppressed,if otherpossibilitiesexist,
seeillustrationin Fig. 2. Both variantsof theannealingalgorithmareimplementedin PYTHIA

6.326,andarecarriedover to PYTHIA 6.4,wherethey canbeaccessedusingtheMSTP(95)
switch,seealsotheupdatenotes[30] andthePYTHIA 6.4manual[31].

4. Results

As a first applicationof thenew models,we considertheir effectson semileptonic
�>��

eventsat
theTevatron. Specifically, whetheraneffect couldbeobservablein the light-quarkjet system
from thehadronic� decay. This is closelyrelatedto thework presentedin [32].

For any fragmentationmodel,thefirst stepis to makea(re)tuneof theminimum-biasand
underlying-event(UE) parameters.Ideally, thewholerangeof modelparametersshouldcome
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Fig. 3: Semi-leptonictop eventsat theTevatron(seetext). a) Chargedparticledensitybetweenthe � jets (note

thezerosuppression)andb) l#m spectrafor chargedparticlesin theregion n*oqp@rtsur;v=wxoqp .
underscrutiny, however for the presentstudywe limit ourselvesto a one-parameterretuning
of themultiple interactionscolour-screeningcutoff in PYTHIA (PARP(82)), requiringthere-
tunedmodelsto agreewith theaveragechargedparticlemultiplicity of TuneA [3]. Below, we
compareTuneA to a preliminarytuneof the new UE framework (Old CR) adaptedfrom the
Low FSRtunein [11], andto the samemodelwith Type I andType II colour reconnections
applied.For the4 models,PARP(82)=2.0, 2.1, 2.2, 1.55, respectively.

Next, for eachof thetunedmodels,50000
�>��

eventsweregeneratedat y{z�. M  x|7}76�~�:�< ,
correspondingto approximately�7),� A � of integratedluminosity. Out of thesemi-leptonicfrac-
tion of this sample,eventswith exactly four chargedparticlejetswereselected(clusteredwith
anexclusivekT jet algorithm[33] with ������� M  *�76�~�:�< � ). Finally, thejetshave to beuniquely
identifiedto thecorrectparton.Thiswasdonerequiringthatthe(andonly the)dedicatedjet has
aminimal ��� betweenits axisandtheinitial parton.

In theundisturbedcolourtopology, threestringpiecesarerelevant;onespannedbetween
the � jets, one betweenthe � quark and the � beamremnant,and one betweenthe

�� and
the �� remnant. To maximisethe overlap of thesestrings,and hencecreatea bias towards
situationswherecolour reconnectionsshouldbe enhanced,we rejecteventsthatdo not fulfill
eitherconditionA) �q�9������9���7� or B) � �� ���7�9������ .

For eachacceptedevent,we performa boostto therestframeof thehadronic� , thena
polarrotationto line upthedecayjetsalongthe � axis(for conditionA (B), thequarkis rotated
to 6T� (  x�76T� )), andfinally anazimuthalrotationto bring the � jet from theassociatedtop decay
into the ��� X � � plane,in thepositive-� hemisphere.We thenrejecteventswheretheother � jet
is not alsoin thepositive-� hemisphere,sothatthenegative-� hemispherebetweenthe � jets
should,at leastto someextent,befreefrom extraneoushadronicactivity.

We considertwo observables,in both casesonly including particlesin the negative-�
hemisphere.First, in Fig. 3a,thechargedparticlemultiplicity betweenthejets,  �!#"����q��"����/! ��¡ ,
andsecond,in Fig. 3b, thetransversemomentumdistribution  *!#"���� ��"��¢�/!q�q£�¤ for particlesin
theinter-jet region, }q6T��25¡¥2K *¦76/� , indicatedin Fig. 3aby dashedverticalmarkers.

In Fig. 3a, the asymmetrybetweenthe left and right peaksizesis due to the rapidity
constraintsandto theway we performedtherotations;conditionsA andB thenbothforcethe
associated� quarkto becloserto theright-handjet. Giventhesubtlenatureof theeffect, and
thenoisyhadronicenvironment,thevariationsin Fig.3 arequitelarge(thedistortionof thepeak
shapeatsmallanglesfor TypeI is, however, probablytoo largeto berealistic).However, notice
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thatthereconnectedscenariosdonot leadto asignificantreducedchargedparticledensityin the
inter-jet region,which would have beentheeffect we shouldnaively have beenlooking for, by
comparisonto the :#?@:�A studies.We note,however, thatthemostagressiveof thenew models,
Type II (bluedashedcurve), doesproducefewer particlesin the fragmentationregion thanits
sisterType I (greendot-dashed),andalso (asshown in figure 3b) that the charged particles
producedin TypeII havea higheraverage£�¤ .

Whatis goingon is that,asfor somany aspectsof hadron-hadronphysics,theendresult
is not controlledby one effect alone,but by a combinationof factors. Multiplicity will be
increasedby allowing moreunderlying-eventactivity andwill bedecreasedby allowing more
colour reconnections.Hencethe samemultiplicity canbe arrived at throughdifferentmixes
of these. By first tuning to the min-biasdatawe are to someextent cancellingtheseeffects
againsteachother. This illustratesan essentialpoint: in a hadron-hadronenvironment, the
multiplicity alonemaynotbeadiscriminatingvariable.However, themixesarenotcompletely
equivalent. While they may lead to the sameresult in one distribution, they will differ for
another. Specifically, by combiningtheparticleflow with theenergy flow, somediscriminating
power canbe gained. Oneway of realisingthis is to considerthat the underlyingactivity is
pumpingenergy into the event. To maintainthe samemultiplicity distribution, the particle
hardnessmustthenbea functionof theunderlyingactivity, asis illustratedby Fig. 3. While we
shall terminateour discussionhere,the subjectof disentanglingtheseeffectscertainlymerits
furtherconsideration.

5. Conclusions

We have presenteda few simpletoy modelsof colour reconnections,basedon an annealing-
likealgorithm.Thesemodelsarequitegeneralandaredirectlyapplicableto any process,unlike
many previousmodelsfor whichonly implementationsspecificto ��� eventsexist.

As a first application,we have studiedtheeffectson two simpleobservablesin semilep-
tonic

� ��
eventsat theTevatron. We find that,while we cannotdiscernthepresenceor absence

of a classicalstringeffect in themultiplicity distributionsalone,it maystill bepossibleto dis-
tinguishbetweendifferentmodelsby includingenergy-flow information.Thenaturalnext step
wouldbeto considertheextentto whichmeasurementsof thetopmassattheTevatronandLHC
areinfluencedby theseeffects.For instance,anattractivepossibility is to usethehadronically
reconstructed� massin theseeventsto setthejet energy scale,hencethedegreeto which the
hadronic� massreconstructionis affectedby theeffectsdiscussedherewould be interesting
to examine.

We intend this studymostly for illustration and for communicatinga few essentialre-
marks. As such,we have freely (ab)usedMonte Carlo truth information and have skipped
lightly over a numberof aspects,which would have to be morecarefully addressedin a real
analysis. We hopethat this work may neverthelessserve to stimulatefurther efforts in this
exciting andpresentlylittle understoodfield.
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[8] T. SjöstrandandP. Z. Skands,JHEP 03 (2004)053,[hep-ph/0402078].
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[13] T. SjöstrandandV. A. Khoze,Phys. Rev. Lett. 72 (1994)28–31,[hep-ph/9310276].
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[16] M. G. Jackson,N. T. Jones,andJ.Polchinski,JHEP 10 (2005)013,
[hep-th/0405229].

[17] A. L. Cotrone,L. Martucci,andW. Troost,hep-th/0511045.
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